Abstract: Effective management of exploited species demands contemporary knowledge of population structure and mating patterns. Genetic markers can prove useful in providing this knowledge. Despite its commercial importance, genetic markers for American lobster (Homarus americanus) are limited. We developed 12 tetra-and 1 trinucleotide microsatellite loci for American lobster that exhibit little stuttering after PCR amplification. Gene diversity of these loci ranged from 0.516 to 0.929. A four-locus multiplex permits rapid genotyping of progeny in parentage experiments with a paternity exclusion probability over the four loci of 97.8%. We examined the loci for conformity to Hardy-Weinberg expectations (HWE) and linkage using individuals from one location and found that four loci deviated from HWE. We also tested inheritance and pairwise linkage using 48 embryos from each of two females. With the exception of two loci that were derived from the same clone and separated by 72 bp, no evidence of linkage was found. We, for the first time, demonstrate the occurrence of multiple paternity in American lobster. We also observed an apparent occurrence of dispermic androgenesis, possibly the first documentation of such an event within a species. Ten of the loci amplified in European lobster (Homarus gammarus), although two were monomorphic and one deviated significantly from HWE. We quantified mitochondrial DNA (mtDNA) sequence variation through the use of PCR amplification of two DNA fragments, followed by digestion with restriction enzymes; eight haplotypes were detected. One of the two fragments amplified in European lobster. Both sets of markers should prove useful for population discrimination purposes, and the microsatellites, in particular the four-locus multiplex, should prove highly amenable to rapidly addressing questions about mating patterns.
Introduction
American lobster (Homarus americanus, Nephropidea; clawed lobster) occur at intertidal depths to 720 m (most frequently 4-50 m) along continental shelves throughout much of the Western North Atlantic from southern Labrador to offshore North Carolina. American lobster is commercially important, having the greatest landed value of any fishery in Canada (CDN $442.5 million in 1998). Effective management of exploited species requires the identification of biologically relevant management units that reflect their degree of reproductive isolation. Genetic markers have proven to be a valuable tool for such purposes in some marine species (as reviewed by Carvalho and Hauser 1994) . Because of the potential importance of breeding structure in influencing effective population size and, as a consequence, the degree to which subpopulations are genetically differentiated (e.g., Wright 1938) , quantitative knowledge of mating structure is also essential. Genetic markers have also proven invaluable in elucidating mating patterns (e.g., Westneat et al. 1987; Burke 1989) .
Attempts have been made to study both population and mating structure of American lobster with genetic markers. From these studies, the inability to reject the null hypothesis of no differences among populations of American lobster might suggest that little population structuring exists, but the limited resolution of the markers available for American lobster at the time (e.g., allozymes, Tracey et al. 1975 ; noting concerns raised by Shaklee 1983; RAPDs, Harding et al. 1997) were likely a major contributing factor. Evidence from morphometric and other studies suggest that there may be differences among populations (e.g., Harding et al. 1993 ), although such differences may simply reflect environmental effects. The mating pattern in American lobster is similarly unresolved. Unexpected allele frequencies at one allozyme locus led to the suggestion of multiple paternity of the embryos of 1 out of 32 females (Nelson and Hedgecock 1977) , although Tam and Kornfield (1996) did not find any evidence of multiple paternity in 13 females. No attempt has been made to address more complex questions such as the factors affecting individual reproductive success. Additional variable, robust, genetic markers are required to better quantify population structure and the mating pattern of this commercially important species.
Here, we describe two classes of genetic markers useful for the study of American lobster biology: 12 tetra-and 1 tri-nucleotide repeat microsatellite loci, as well as primers designed to amplify two approximately 3-kb regions of mitochondrial DNA (mtDNA) for which we used restriction enzymes to identify variation. We screened individuals from one location to assess the utility of these microsatellite loci for population analyses and checked for Mendelian inheritance and linkage among these loci by genotyping embryos from two embryo-carrying (berried) females. We describe one four-locus multiplexing system that allows rapid genotyping for studies in mating structure. We also assess the potential utility of both classes of markers to address similar questions on the closely related European lobster (Homarus gammarus).
Materials and methods

Microsatellites
Microsatellites were isolated as outlined in Hamilton et al. (1999) with minor modifications as described in McPherson et al. (2001) . Briefly, DNA was obtained from ethanolpreserved muscle using phenol-chloroform extraction methods, digested with HaeIII, dephosphorylated, and ligated to the double-stranded SNX linker complex (Hamilton et al. 1999) in the presence of XmnI. Ligation products were hybridized to 5′-biotinylated oligonucleotides ((GACA) 4 and (GATA) 4 ) at 48°C for 30 min, then complexed with streptavidin-coated magnetic beads (Dynabeads, Dynal, Oslo, Norway) that had been previously washed with PBS -0.1% bovine serum albumin (BSA). The bead-hybridization mixture was incubated at 43°C for 1 h to allow beads to bind to DNA-oligo hybrids then washed three times (using a new tube for each wash) with decreasing concentrations of standard saline citrate (SSC; 2×, 1×, and 0.5× with 0.5 ng of forward linker primer/µL) at 48°C. After washing, enriched DNA was released after incubation with 30 µL low TE (10 mM TrisHCl, 0.1 mM EDTA (pH 8.0)) at 95°C for 15 min. The PCR profile (1 × 92°C for 5 min, 40 × (94°C for 45 s, 62°C for 1 min, and 72°C for 2 min), and 1 × 72°C for 30 min) included a 30-min extension step that generated a poly(A) overhang. PCR products were purified using Qiaquick PCR columns (Qiagen, Valencia, Calif.) and ligated into TOPO 2.1 TA vector (Invitrogen, Carlsbad, Calif.). Invitrogen ONESHOT Escherichia coli were transformed with recombinant plasmids and plated at low density on warm Luria-Burtani plates containing 50 µg ampicillin/mL. Colonies were size selected for inserts of greater than 400 bp by growing overnight and screening via PCR and electrophoresis on 1.5% w/v agarose gels. Size-selected plasmid DNA was prepared using a Qiaprep spin miniprep kit (Qiagen). Cycle-sequencing reactions using a universal reverse primer, Thermo-SequenaseII (Amersham Pharmacia Biotech, Piscataway, N.J.), and the following conditions: 25 cycles of 96°C for 30 s, 50°C for 15 s, and 60°C for 1 min were performed on a Techne Genius thermocycler (Techne Inc., Princeton, N.J.). Sequence was detected on an ABI 373 A DNA sequencer (Applied Biosytems, Foster City, Calif.). Primers flanking microsatellite regions were designed with the assistance of Primer3 (Rozen and Skaletsky 1998) . For one flanking region, a single primer was ordered 5′ labeled in HEX while multiple primers were designed for the other flanking region. For most loci, the selection of which flank to assign the labeled primer was based on the limited availability of sequence for that one flank, consequently limiting the options for primers. When similar quantity of sequence was available for both flanking regions, the labelled primer was assigned to the flank that had a single, apparently more stable primer.
Microsatellites were amplified using the following conditions: 5× (92°C for 1 min, annealing temperature + (5°C, 4°C,…, 1°C) for 30 s, 72°C for 15 s); 25× (92°C for 1 min, annealing (Table 1) for 30 s, 72°C for 15 s); and 72°C for 30 min on a PTC-100 MJ Research thermocycler (MJ Research, Waltham, Mass.). Reactions were carried out in 10-mL volumes in 50 mM KCl, 20 mM Tris (pH 8.4), 0.2 mM each dNTP, 0.5 mM of each primer (5′ end labeled with HEX), 20-100 ng template DNA, and 0.8 U Taq DNA polymerase. Amplified products and a 4-bp allelic ladder were electrophoresed at 850 V on 0.8 mm, 8% w/v denaturingpolyacrylamide gels for approximately 1-2 h. DNA fragments were visualized on an FMBIO II ® fluorescent imaging system (Hitachi Software Engineering America Ltd., San Francisco, Calif.).
Observed heterozygosity, gene diversity, mean number of alleles, conformity to Hardy-Weinberg expectations (HWE), and pairwise linkage disequilibrium were analysed in 50 American lobster from the Crowell Basin, Gulf of Maine, and 47 European lobster from Norway using GENEPOP version 3.2a (Raymond and Rousset 1995) . Conformity to HWE was tested using the exact test of Guo and Thompson (1992) . When the number of alleles at a locus in a collection was less than five, the complete enumeration (Louis and Dempster 1987) was used. For loci with more than four alleles in a collection, a Markov chain method was used to estimate the exact P value (Guo and Thompson 1992) . Paternity exclusion probabilities were calculated for each locus and cumulatively for several loci following Weir (1996) . Mendelian inheritance and direct tests for linkage disequilibrium were assessed by χ 2 analyses using genotypes of two berried females, those of their embryos, and the inferred paternal genotypes.
mtDNA
To identify appropriately sized target fragments in the American lobster mtDNA genome, published American lobster mtDNA sequences (Boore et al. 1995 ; GenBank accession Nos. U29717, U29718, and U29719) were aligned to the homologous regions of the mtDNA genome of giant shrimp (Penaeus monodon), the most closely related species with its entire mtDNA genome sequenced (Wilson et al. 2000 ; GenBank accession No. NC002184). Primers were designed from the American lobster sequences to attempt to amplify adjacent fragments each expected to be approximately 3 kb in length. Primers were again designed with the assistance of Primer3 (Rozen & Skaletsky 1998 0.2 mM of each dNTP, 0.5 mM of each primer, 20-100 ng template DNA, and 1.25 U Taq DNA polymerase. The PCR products were digested with eight restriction enzymes, DdeI, DraI, Eco241, HindIII, HinfI, MboI, RsaI, and TaqI, according to the manufacturer's instructions. The resulting fragments were separated on 2% agarose gels for 5-6 h at 90 V, stained with ethidium bromide, and imaged under UV light with a Polaroid camera. The mtDNA fragment sizes were in reference to a 100-bp DNA ladder run in the same gel.
Results
Of 336 screened colonies, 254 (134 of 161 and 120 of 175 of the GACA and GATA libraries, respectively) had inserts greater than 400 bp. Of these colonies, 70 were sequenced (45 and 25, resepectively, from the two libraries), 47 of which (42 and 5, respectively) contained microsatellites, although 14 (13 and 1) had insufficient flank with which to design primers, and a further 11 (9 and 2) were duplicated sequences. Primers were designed for 22 potential loci, of which 9 proved monomorphic. Of the 13 variable loci (Tables 1 and 2), 1 (Ham42) appeared to exhibit null alleles at a high frequency (H e = 0.842, H o = 0.250) and was not examined beyond the initial temperature trials. Another locus (Ham44) exhibited large alleles along with, at times, difficult to interpret artefact bands. Consequently, an additional unlabeled primer was designed to amplify only a portion of the sequence of this locus (see Table 1 ). All of the loci produced clearly distinguishable alleles with limited stutter. The majority of the repeat units in these arrays were tetranucleotides; however, many of the loci had alleles that differed in size by less than the 4 (or 3) bp (Table 2; Fig. 1 ). The alleles not following the standard 4-bp size difference at Ham10 and Ham21 were found to occur within 1 bp of standard alleles (Fig. 1) . Alleles at Ham6 appeared to fall into two categories: (i) alleles that differ from most other alleles by multiples of 4 bp exhibiting a faint stutter band 4 bp below the primary band and (ii) alleles of intermediate size that generally exhibit two equally intense bands 2 bp apart (Fig. 1) . Gene diversity of the 13 loci ranged from 0.516-0.929 and the number of alleles varied from 5-24 per locus (Table 2) . Three loci appeared to deviate from HWE (Ham21, P < 0.0001; Ham22, P < 0.0001; Ham44B2, P = 0.0110 (not significant after correcting for multiple testing (Rice 1989) ); Ham44B3, P = 0.0039), and there was weak evidence of linkage disequilibrium between two pairs of loci (Ham21 and Ham32, P = 0.0488; Ham30 and Ham32, P = 0.0358; neither test was significant after correcting for multiple tests (Rice 1989) ).
Ten of 12 primer sets tested in European lobster (Homarus gammarus) produced a detectable product (Table 2); neither Ham6 nor Ham22 would amplify. Two loci (Ham10 and Ham15) were monomorphic. One locus (Ham30) appeared to have only partial amplification success because many samples failed (Table 2 ) and this locus deviated from HWE (P < 0.0001). Ham53 and Ham54 were in significant linkage disequilibrium (P < 0.0001) and there was weak evidence of linkage disequilibrium between Ham9 and Ham21 (P = 0.0463; not significant after correcting for multiple tests (Rice 1989) Table 2 . Sample size, allelic size range (in base pairs), number of alleles detected, minimum size difference between alleles, gene diversity (H Forty-eight embryos from a berried female originating from Grand Manan were analysed to assess Mendelian inheritance of these loci. Forty-four of the 48 embryos were consistent with two parents, whereas three embryos had genotypes consistent with fertilization from a second male. The genotypes of two of these three embryos were inconsistent with fertilization from the putative father of the other embryos at 8 of the 11 loci examined (three of four loci of the four-locus multiplex -see below) and the third at 7 of the 11 loci (two of the multiplex loci). One embryo lacked maternal alleles at all 10 discriminatory loci examined (both the mother and putative father were 178/178 homozygotes at Ham32), but was homozygotic for one of the common putative paternal alleles at five loci and possessed both of the putative paternal alleles at the other five. The possibility of it being an egg from another spawning can be discounted because this would necessitate the putative parents having nearly identical genotypes to the identified putative father (probability less than 1.0 × 10 -10 ). All four of these embryos were omitted from subsequent analyses. Assortment of alleles did not deviate from Mendelian expectations at any locus (Table 3 ) and, with the exception of Ham53 and Ham54, which were isolated from the same clone sequence and separated by only 73 bp, there was no evidence of linkage among any loci (Table 4) . Ham53 and Ham54 were highly linked with no recombination events detected (i.e., only four of a possible 16 genotypic classes observed in either set of embryos).
Multiplexing of loci
Most attempts at multiplexing loci in common reactions were unsatisfactory: even when loci both amplified, background intensity increased and artefact bands not present in any single locus reactions at times became prominent. However, one suite of four loci provided a rapid means of obtaining data for parentage analyses (Ham 9, Ham10, Ham21, and Ham44 using an annealing temperature of 52°C). These loci were multiplexed in a single colour channel with only minimal overlap of alleles between loci using the unlabeled primers Ham9B2, 10B2, 21B1, and 44B2 with a total allelic range of approximately 108-300 bp. We also labeled Ham9 and Ham21 with a different fluorescent tag and used alternate unlabeled primers at Ham9 (B1), Ham10 (B2), and Ham21 (B2). This resulted in a decrease of the total allelic size range (135-252) with no overlap of allele sizes among loci and further reduced multiplex generated background. In all cases, Ham9 primer concentrations were 33% those of the other loci.
mtDNA
The PCR amplification from American lobster mtDNA generated two fragments of approximately the expected size. Although one primer pair was chosen for each mtDNA frag- (Table 5) , others also produced usable fragments (Appendix 1). Three restriction enzymes produced RFLPs (Table 6 ) in the first mtDNA fragment, resulting in a total of eight composite haplotypes (Fig. 2) . Only the second fragment amplified in European lobster.
Discussion
The results above indicate that the genetic markers developed for American lobster will be useful for a wide range of applications for both American and European lobster. Our finding that American lobster has much higher levels of genetic variation than European lobster is consistent with the results of Tam and Kornfield (1996) , providing further evidence that American lobster has had a much greater longterm effective population size than European lobster. The clearly distinguishable alleles at all of the microsatellite loci characterised infers that they can be sized with minimal error in population analyses and highlights the benefit of our selecting microsatellite loci with longer repeat unit lengths. Loci composed of dinucleotide repeat motifs, while more frequent in the genome than loci with longer repeat motifs (e.g., Schug et al. 1998) , are more prone to PCR-induced stutter (e.g., Edwards et al. 1991) . This can make the differentiation between homozygotes from heterozygotes with alleles differing by one repeat length difficult.
The detection of alleles that differ by 1 or 2 bp underscores the importance of having a precise means of assessing allele size and the need for sample redundancy to ensure consistent allele designation. Although multiplexing can produce data more rapidly, it should be used cautiously for analyses of individuals of unknown potential genotypes (e.g., population analyses) and only after thorough optimization and genotype verification. Amplifying more than one locus in a PCR invariably leads to greater background and often creates artefact bands (e.g., Donini et al. 1998 ). An al-ternative for population analyses that still achieves high throughput without necessitating as intensive an optimization process or compromising data quality is to amplify each locus separately and then combining 2-3 loci before electrophoresis.
The linked loci (Ham53 and Ham54) have great potential for identifying genetic admixtures (e.g., Estoup et al. 1999) . Insignificant linkage disequilibrium in the Crowell Basin samples may reflect the mixing of several subpopulations or a sufficiently large effective population size being maintained long enough for multiple lineages to develop through the accumulation of mutations at both loci. The possibility of lab error being a contributing factor can be rejected as the genotypes were verified with an initial 12% redundancy in these samples (i.e., 6 of the 50 American samples were randomly duplicated), as well as by regenotyping 32% of the samples at both loci; identical genotypes were obtained in all cases. This finding highlights the importance of conducting linkage and segregation analyses with novel loci; had we no a priori knowledge that these loci were physically linked, the use of population data alone would have resulted in the erroneous treatment of these as independent loci. The significant linkage disequilibrium detected in European lobster is consistent with a lower effective population size in that species.
For the first time, we have demonstrated the occurrence of multiple paternity in American lobster. Previous genotyping of embryos from berried females either only inferred multiple paternity based on unexpected allele frequencies at one allozyme locus (Nelson and Hedgecock 1977) or found no evidence of multiple paternity (Tam and Kornfield 1996) . The detection of multiple paternity in the progeny of one of the two females (n = 48 for each female) used to test the inheritance demonstrates the utility of these loci to address questions about mating patterns. The four-locus multiplex developed provided the ability to rapidly assess parentage; the occurrence of additional male fertilization was detected at three of the four loci in two embryos and two of the four in the third embryo. The combined paternity exclusion probability of 97.8% can be increased to 99.6% with the addition of only one more locus (Ham6 or Ham53). These markers should thus prove highly amenable to rapidly address questions relating to mating structure and individual reproductive success. n/a n/a n/a n/a Table 5 . Primer sequence and annealing temperature for primers used to PCR amplify lobster mtDNA fragments.
The finding of one embryo lacking maternal alleles at all discriminatory loci, but possessing one or both putative paternal alleles at all loci was clearly unexpected; all other embryo genotypes consisted of a maternal and putative paternal allele at each locus. Explanations for this observation remain somewhat speculative, although it appears to be an instance of naturally occurring dispermic androgenesis, possibly representing the first such event documented within a species. Researchers routinely assessing parentage in this and other species should be cognisant of such potentially unexpected results.
